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NDMEIYCLATURE 

Speed of‘ sound. 

Cmatant  presswe specific heat . 
Skin f r i c t i o n  c o e f f i c i e n t .  

Ordinary binary diffusion coef f i c l e n t  . 
2 Eckert  number = Me 

Thermal conduct f v l t  y . 
Mach number = 

( Y e  - 1)/(1 - TW/Te). 

P rand t l  number = PC@. 

Heat transfer rate. 

Recovery f a c t o r  = (Tr - Te)/(ue2/2C 

Unlversal  .gas constant .  

Reynolds number = pvT6. 

Schmidt number = cl/pD12. 

Temperature. 

x component of ve loc i ty .  

Dlmensionless v e l o c i t y  = u/ue. 

y component of ve loc i ty .  

Mole f r a c t i o n .  

Coordinate parallel t o  plates. 

Coordinate normal t o  p l a t e s .  

Mass fraction of i n j e c t e d  gas. 

S p e c i f i c  heat r a t i o .  

Distance between plates. 

Dimensionless coordlnat e = -/-a. 

Transformed coord ina te  = 1” dy/k 

Dimensionless temperatwe = ( T  - TvJ)/( Te - Tw) . 

). 
pe 

0 



CL Dynarnlc viocos i ty .  

V Wnemat i c v i s c o s i t y  . 
P Mass dens i ty .  

Subscripts 

1 I n j e c t e d  gas.  

2 Main stream gas. 

W A t  stationary plate. 

e A t  moving plate. 

0 Without blowing. 

r Recovery or a d i a b a t i c  wall condi t ion.  
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Binary Couette Flow w l t h  Iiydrogen I n j e c t e d  

i n t o  Carbon Dioxide and Nitroxen Streams 

1.0 INTRODUCTION 

Considerable i n t e r e s t  has been focussed on mass t r a n s f e r  

cool ing  as  a, means f o r  p r o t e c t i n g  re -en ter lng  v e h i c l e s  a g a i n s t  

f r i c t i o n a l  hea t ing .  

t h e  most s u i t a b l e  coolan t  gas  i s  d i f f e r e n t  from t h a t  of the free 

stream, so t h a t  b ina ry  boundary layers have t o  be considered. 

F’u-rther, a t  t h e  large temperature  d i f f e r e n c e s  encountered, t h e  

gases  disp1a;r cons ide rab le  proper ty  v a r i a t i o n s ,  and may also 

underpo d i s s o c i a t i o n  and ion iza t ion .  R e f .  1 con ta ins  a review 

of  some o f  t h e  approaches t h a t  have  been used  on t h i s  problem. 

I n  a l l  cases  a i r  h a s  been Considered as the main stream gas, and 

The problem i s  a complex one, as i n  gene ra l ,  

an  e f f o r t  has been made to o b t a i n  engineer ing  c o r r e l a t i o n s  for 

d i f f e r e n t  coolan t  gases .  

The p r e s e n t  r e p o r t  i s  concerned w i t h  t h e  i n j e c t i o n  o f  

Hydrocen t n t o  free streaq gases  other than  a i r ,  v i z .  Ni t roren  

o r  Carbon Dioxide. This s tudy h a s  been s t imu la t ed  by t h e  poss i -  

b i l i t y  o f  v i s i t i n g  neiEhhorlnp p l a n e t s  where a v a r l e t y  of d i f f e r e n t  

atmospheres m a y  Se encountered. However, more mundane a p p l i c a t i o n s  

can be envissped where s u r f a c e s  r e q u i r e  thermal p r o t e c t i o n  from 

h i g h  temperature  environments o the r  than a i r .  

Any s i n p l i f i c a t i o n  t h a t  can be used without conceal ing 

t h e  most important a s p e c t s  of the a c t u a l  cond i t ions  i s  o f  value.  

Thas i n  t h e  f i r s t  i n s t a n c e  t h i s  s tudy  u s e s  t h e  one-dimensional 

Couette flow model t o  s imula te  t h e  two-dLiensiona1 , l aminar ,  

bouiidary l a y e r .  Variable p r o p e r t i e s  have been inc luded ,  though 
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not  t o  t h e  ex ten t  of allowing for d i s s o c i a t i o n  and ion iza t ion .  

Ifi t h e  Ccuette f l o w  model t h e  ve loc i ty  of t h e  moving plate 

r e p r e s e n t s  t h e  free stream ve loc i ty ,  while t h e  d i s t a n c e  between 

t h e  plates s imula tes  t h e  boundary layer th ickness .  A later phase 

of t h i s  p resent  work w i l l  compare t h e  Couette flow r e s u l t s  w i t h  

t h o s e  f o r  t h e  two-dhens lona l  laminar boundary layer us ing  t h e  

same gases, so that  t h e  va lue  of t h e  Couette flow model as a 

basis f o r  design information may be assessed. 

To reduce t h e  bulk of' t h e  present  r epor t  only a f e w  

t y p i c a l  curves  have been submitted.  Tne  f u l l  set of r e s u l t s  

i n  graphical o r  numerical  form are available i f  required. 
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2.0 ANALYSIS 

Fiwre I, shows t h e  Couette flow model. The lower porous 

plate,  a t  y = 0, i s  held s t a t iona ry ,  while t h e  upper porous plate ,  

a t  y = 6, moves i n  i t s  own plane i n  t h e  p o s l t i v e  x d i r e c t i o n  wi th  

a unifonn v e l o c i t y  ue. The lower plate  i s  at t h e  temperature T, 

and t h e  upper plate at Tee A coolant gas, i n i t i a l l y  a t  t h e  

temperature  T,, I s  introduced perpendicular ly  i n t o  the  flow 

through t h e  stationary plate,  and removed through t h e  upper plate. 

2.1 Assumptions 

The following assumptions have been made: 

a) The model is one dimensional. 

b) The flow is steady. 

c)  Both plates are impermeable t o  t h e  main stream 

gas 

Gas properties depend on local  mixture  concentrat ion d) 

and temperature. 

Radiation heat t r a n s f e r  i s  neglected. 

Thermal diff 'usion e f f e c t s  are neglected.  

e )  

f) 

2.2 Basic Equations 

I n  t h e  light of' t h e  above assumptions, t h e  following 

d i f f e r e n t i a l  equat ions govern the flow. 

Continui ty  equation. 

w, = 0 (2.1.1) 

Momentum equation. 

(2.1.2) 
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Energy equation 
n 

Species equation. 

dY - d dY 
dy dy ( ’  D12 5) p v - - -  (2.1.4) 

The boundary condi t ions  are: 

A t y = O  

u = o  

T = Tw 

Y = Yw 

A t y = 6  
7 d  = 7 7  

“e 

T = T, 

Y = Ye 

ov = ( O V ) ~  = constant 

From (2.1.1) 

(2.1 5) 

As the s t a t i o n a r y  w a l l  is impermeable t o  the main stream 

(2.1.6) 

I n t e g r a t i n g  (2.1.4)  with the aid. of (2.1.5) I and combining 

wi th  (2.1.6) gives 

(2.1.7) 
dY 

P V  (1 - Y) = - D  D12 d y  

This implies t h a t  all planes parallel to t h e  walls are 

Mpermeable t o  the main stream gas,  a r e s u l t  which fol lows directly 

from the assumption of one-dimensional flow. 
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The per fec t  gas law I s  employed t o  c a l c u l a t e  t h e  

s p e c i f i c  heat of t h e  gas mixture. 

= c  Y + ( 1 - Y ) C ,  
cP 5. 12 

(2.1.8) 

Equations (2.1.7) and (2.1.8) combined w i t h  t h e  energy 

equat ion (2.1.3) give, 

This form of t h e  enerry 

heat of t h e  coolant  gas only,  due 

equation conta ins  t h e  s p e c i f i c  

t o  t h e  f a c t  t h a t  a l l  p lanes  

parallel t o  t h e  walls are impermeable t o  t h e  main stream gas, t h e  

coolant  gas a lone  moving from one temperature l e v e l  t o  another.  

Introduce t h e  following new v a r i a b l e s :  

c = ”/T6 FL 
w h e r e  ng = 

0 

u = u/ue 

T - Tw 
8 =  

Te - Tw 

The basic equations i n  dimensionless form are:  

Momentum equation 

Rev 

Energy equation 

( 2 . 3 . 2 )  
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Species  equation 

d Y  Rev Sc (1 - Y) = - - 
dC 

Where 

and t h e  boundary condi t ions  are: 

A t c = O  

u = o  
8 = 0  

Y = Yw 

A t  6 = 1  

U = l  

e = l  

Y = Ye 

(203 .3 )  

The t r a n s f o r n a t i o n  used uncouples t h e  momentum and 

energy equat ions,  Simplifying t h e  computation considerably.  

Notice t h a t  as the spec ies  equation i s  of f i rs t  o rde r ,  

only one of t h e  values  Yw and Ye may be prescr ibed .  

analysis Ye i s  chosen t o  be neg l ig ib ly  s m a l l  i n  an e f f o r t  to 

I n  t h e  
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s imula te  t h e  two-dimensional laminar boundary layer. This 

in t roduces  a n o t e  of ttiiredity 8 s  it f n l b w s  t h a t  t h e  t r ansve r se  

v e l o c i t y  becomes very large at t he  moving plate. 

With ye prescribed, equation (2 .3 .3 )  g ives  Yw as, 

= 1 - (1 - Ye) exp (-Re, (2.3.4) 
0' 

yw 

The s o l u t i o n  of t h e  momentum equation i s  

The energy equation m a y  now be w r i t t e n  

where 

E Re, 2 
B =  
0 [exp (Re,) - 11' 

I3y i n t e g r a t i o n ,  
c 

de = [-Bo \' exp (2RevS - @ Re dr) + C1] 
V x 0' 

- 



The s o l u t i o n  of tne species eq-satlon i s  given by. 
1 

Y = 1 - ( 1  - Ye) exp ( -  \ Re, Sc d6) ( 2 . 3 4  
5" 

2.4 Solfd  Wall Case 

I n  the so l id  w a l l  case, t h e  mass t r a n s f e r  through t h e  

porous plates i s  zero, so t h a t  

pv = 0 

. The differential equations now reduce t o  

where 

2 dT +qdu) = 0 3y(ka$ dy 
d 

The s o l u t i o n s  t o  these equat ions are 

u =  5 
r 

1 + E \ aPr 6d6 
0' % =  1 7 OP, d6 

0 

2.5 Skin F r i c t i o n  

The sk in  f r i c t i o n  c o e f f i c i e n t  i s  def ined as 

(2.4.1) 

(2.4.2) 

(2.4.3) 

(2.4.4) 



Upon t ransformat ion  t h i s  becomes 

where 

The r a t i o  of t h e  skin f r i c t i o n  w i t h  blowing, t o  t h a t  

w i t h  no blowing i s  given by 

2.6 Heat Transfer 

The heat t r a n s f e r  a t  the wall due to conduction i s  

given by 
- 

qw - 

Upon t ransformation 

The r a t i o  

without blowiny, i s  

dT 
(k dy) 

W 

t h i s  becomes 

(2.6.1) 

(2 .6 .2 )  

of the heat t r a n s f e r  with blowing to that 

given by 

-1 
c P dy wo [-I' 0' p d c ]  0 

( 2 . 6 . 3 )  
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2.7 Recovery Fac tor  

The a d i a b a t i c  w a l l  temperature Tr i s  def ined  as t h e  

tempera ture  of t h e  s t a t i o n a r y  w a l l  when 

The recovery f a c t o r ,  r ,  is def ined  as 

(2.791) 
u 2/2c 
e Pe 

9 i s  obtained from equat lon (2.3.7) by p u t t i n g  C1 = 0. r 

2.8 Computation 

A s t r a igh t fo rward  i t e r a t i o n  technique was used i n  

c a l c u l a t i n g  t h e  t e q p e r a t u r e  and concent ra t ion  p r o f i l e s .  The gas 

p r o p e r t i e s  were c a l c u l a t e d  as descr ibed i n  Appendix A . l .  Linear  

p r o f i l e s  were assumed I n i t i a l l y  and app l i ed  t o  equat ions  (2.3.7) 

and (2.3.8) i n  t u r n  g iv ing  new Y and 9 p r o f i l e s .  This procedure 

was continued u n t i l  

cl 

n=l  

J 
E = l  

6 t h  where  8 i s  a r b i t r a r i l y  chosen a s  10- . Here i refers t o  the 1 

i t e r a t i o n ,  and n denotes  t h e  nth po in t  i n  t h e  boundary l a y e r  which 

i s  d iv ided  i n t o  J po in t s .  

. The f'ollowln[; values o f  t h e  independent parameters were 

used i n  t h e  computation: 

Te = 213°K f o r  a l l  cases. 
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Me = 4, 8, 12 

= 436, 872, 1308"~ Tw 

Rev = 0.0, 0.15, 0.30, 0.50, 1.0, 2.0, 3.0, 5.0 

The pressure was taken as 1 atmosphere In a l l  cases. 
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2.7 Recovery Factor  

The a d i a b a t i c  w a l l  temperature Tr i s  def ined  as t h e  

temperature  of  t h e  s t a t i o n a r y  w a l l  when 

ICY w 
The recovery f a c t o r ,  r ,  i s  def ined  as 

( 2 . 7 4  
u d / 2 c p  

e e 

0 i s  obtained from equat ion ( 2 . 3 . 7 )  by p u t t i n g  C1 = 0. r 

2.8 computation 

A s t r a igh t fo rward  i t e r a t i o n  technique was used i n  

c a l c u l a t i n g  t h e  temperature  and concent ra t ion  p r o f i l e s .  The gas 

p r o p e r t i e s  were c a l c u l a t e d  as descr ibed i n  Appendix A . 1 .  Linear  

p r o f i l e s  were assumed i n i t i a l l y  and app l i ed  t o  equat ions  (2.3.7) 

and (2.3.8) i n  t u r n  @vi%? new Y and 9 pro f i l e s .  This procedure 

w a s  continued u n t i l  
J Y. ( n )  - ~ ~ ~ ( 1 1 )  1+1 

<< E i J 
n=l 

r,=l 

G t h  where  e i s  a rb i t ra r i ly  chosen a s  10- . Here i refers t o  t h e  1 

I t e r a t i o n ,  and n denotes  t h e  nth po in t  i n  the boundary l a y e r  which 

i s  d iv ided  i n t o  J po in t s .  

The  followirq; values  of  the independent parameters were 

used i n  t h e  computztion: 

Te = 21S°K f o r  all cases .  
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= 4, 8, 12 Me 

*w = 436, 872, 1 3 0 8 ~ ~  

R e v  = 0.0,  0.15, 0.30, 0.50, 1.0, 2 , @ ,  3.0, 5.0 

The pressure was taken as 1 atmosphere in all cases. 
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t h e  profiles are almost 
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it i s  c l e a r  t h a t  f o r  each 

i d e n t i c a l  a t  one value of 

parameter,  regardless of t h e  P4ach number and wall. 

binary  mixture 

t h e  blowing 

t m p e p a t u r e  

chosen. An examination of Fig. 8 i n d i c a t e s  that t h e  Schmidt 

number i s  a weak func t ion  of t h e  temperature but s t r o n g l y  

dependent on concentrat ion.  

equat ion (2.3.8) shows that t h e  concentrat ion p r o f i l e  is pr imar i ly  

Thus fo r  Ye n e g l i g i b l e  i n  a l l  cases ,  

a func t ion  of Re,. 

3.3 Temperature P r o f i l e s  

The temperature profiles are presented in Figs. 9 - 14 
Ciearly, increased  blowing reduces t h e  temperature grad ien t  

a t  the wall i n  most cases.  

For a low Mach number (Me = 4)  and a h igh  w a l l  temperature 

( T  = 872 o r  1 3 0 8 ~ ~ )  the maximum temperature i s  t h a t  a t  the s t a t i o n -  

a r y  w a l l .  Here heat flows by conduction from the w a l l  t o  t h e  fluid. 
t i  

A t  t h e  h i g h e r  Mach numbers t h e  increased  h e a t  Generation 

due t o  f r i c t i o n  causes t h e  maximu? temperature to occur i n  t h e  f l u i d .  

IR such cases t h e  s t a t i o n a r y  wall i s  being heated by conduction from 

t h e  f l u i d .  The e f f e c t  of b l o w i q  i s  t o  reduce t h i s  maximum temper- 

a t u r e  and move it c l o s e r  t o  t h e  o u t e r  w a l l .  I n j e c t i n g  gas at the 

wall temperature,  reduces temperature d i f f e r e n c e s  near  t h e  s t a t i o n -  

ary w a l l  due to t h e  thermal capaci ty  of the i n j e c t e d  gas. Further- 

more, momentum e f f e c t s ,  as indicated by the v e l o c i t y  p r o f i l e s ,  

move t h e  region of p e a t e s t  f r i c t i o n a l  d i s s i p a t i o n  c l o s e r  t o  the 

moving wall as the blowing parameter lie, i nc reases .  

Examination of t h e  d i n e x i o n l e s s  temperatme profiles 

can only reveal  t h e  d i r ec t ion  of heat t r a n s f e r  by conduction. 
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The amount of heat transferred depends also upon t h e  thermal 

conduc t iv i ty  of t h e  binary mixture at t h e  point  considered. 

The d i r e c t i o n  of' heat t r a n s f e r  may be infemed f m m  t h e  curves 

presented ,  as i n  a l l  cases t h e  Tnoving w a l l  temperature i s  less 

than  t h a t  of t h e  s t a t i o n a r y  w a l l ;  t h q s  the gradien t  of e and of 

T will be of t h e  opposi te  s ign.  

3.4 Skin m i c t i o n  

The skin f r i c t i o n  depengs on t h e  product of t h e  v i s c o s i t y  

and the ve loc i ty  cradient. Figs. 15 - 17 show that t h e  skin 

f r i c t i o n  st t h e  s t a t i o n a r y  wall i s  decreased w i t h  blowiw,  as 

mt; only I s  the v e l o c l t y  grad ien t  reduced t h e r e ,  but t h e  i n j e c t e d  

gas, hydrogen, h a s  a lower v i scos i ty  than  e i ther  i?itroger? o r  carbon 

d ioxide  a t  t h e  same temperature.  One exception t o  this occurs  at 

M = 4- f o r  t h e  h i g h  wall temperatun? (1308°K) a t  low blowing rates, 

where  C /C '1. Fig. 11 i n d i c a t e s  that under these condi t ions  

t h e  temperature throuchout t h e  field i s  increased by blowing. Thus 
fo 

t h e  reduct ion  i n  the v e l o c i t y  p a d i e n t  a t  t h e  w a l l  must be offset 

by an increase i n  t h e  v i s c o s i t y  in t h i s  case.  

3.5 Recovery Factor 

The aeiabatic i d 1  temperature i s  de f ined  8 s  t h e  temper- 

ature of t;ie c t3 t Ionary  wall when 

The recovery factox- 1s def ined  bg 

F i l .  18 obtained from t h e  constant property ml:mis of Appendlx A-2 ,  
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3hows that t h e  r a t i o  r/ro is reduced with blowing f o r  Prs:l.O, and 

inc reased  by blowing f o r  P r ' 1 . 0 -  Also  r/ro = 1.0 f o r  P r  = 1.0. 

F i r ,  19 indicates t h n t  i n  tile cazes considered here, 

r/ro General ly  increases  w i t h  hlowinc, a su rp r i s ing  result as  

Prcl.0 f o r  all pure components and the b inary  mixtures involved. 

Notice, however, that the energy equat ion (2 .1 .9 )  contains the 

s p e c i f i c  heat of the in;ected gas oa ly ,  while all o t h e r  p r o p e r t i e s  

are for the mixture. I f  expressed in dimensionless form, an 

e f f e c t i v e  P r a n d t l  nimbeer- y w h i c h  i z  i n  r e n e r s l  crezter than  

one, arizes. In consider ing shear h-ork and h e a t  conc?uction, the 

C P p  

values  of )I and k for t h e  n1xtur.e are a p p l i c z h l e .  However the 

Coue t te  i7.0:~ xsdzl Iz r e t  up such t h a t  o d y  t h e  in , jected Cas is 

convected from one layer t o  ano the r ,  so t k a t  Cpl becones t h e  

r e l evan t  E p e c i f i c  heat.  

3.t' iieat Transfer  - r  

\ 

As def ined  i n  equation (2.c.1) t h e  heat  tranTfer a t  

the  all only i n c l Q d e s  t h a t  2ue t~ coliCLlctlor1. Vie entkic?lpy 

particularly 3t h i c h  vd-ues of the blowing paremeter. However, 
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is s t i l l  ?mall, t h e  presence of Hydroren near the wall may inc rease  

the mixture thermal COnduCtlVlty s u f f i c i e n t l y  fo r  t h e  heat t r a n s f e r  

t o  inc rease .  (See Fic. 21). 

Finally, when t h e  wall temperature i s  c l o s e  t o  t h e  

recovery temperature,  t h e  heat trmsfer r a t i o  may be expected 

to show violent v a r i a t i o n s .  

i n c r e a s e s  more than five-fold at low blowiw rates. The corre- 

sponding recovery temperature i s  1340°H for Re, = 0. 

cazes  blowing may not reduce t h e  temperature g rad ien t  a t  t h e  

wall, and i n  f a c t  the shape of t h e  recovery temperature v a r i a t i o n  

displayed i n  Fig. 26 i n d i c a t e s  that t h e  in f luence  on t h e  temperatwe 

g rad ien t  need not  be monotonic w i t h  Lnc reas iw  blowinc. I n  the 

I n  Fig. 24 f o r  T, = l 3 O 8 ' K ,  %{%g 
0 

In  such 

i s  very small and a s m a l l  anount o f  blowing 
QO 

Case Ci t ed ,  

i n c r e a s e s  t h e  heat transfer r a t i o  s u b s t a n t i a l l y .  

In Fig. 20 f o r  T, = 872OK, t h e  recovery temperature i s  

'(00°K and again c; i s  small. Here t h e  e f f e c t  of blowing i s  t o  
vTO 

decrease  t h e  r a t i o  sharply.  I n  c e r t a i n  cases  t h e  heat t r a n s f e r  

ratio m a y  be expected to become necatiive, andeven t o  o s c i l l a t e  

about zero.  

though this case was not considered here. 

evident  from an examination of FIc. 26. 

"his would occur for FL,:N2 2- w i t h  Tw = 2300°K and M = 8, 

This conclusion i s  aga in  

3.7 The Couette Flow Model 

The value of t h e  Coue t t e  f low model for predictiw 

r e s u l t s  in the "9imr-y botzndary layer CUI onl:: be Zssessed when t h e  

boundary l age r  r e s u l t s  a r e  avail.zble. !!owever i t  i s  c l e a r  that 

in c e r t a i n  r e spec tc  tile Couette flo;.; rnoclel departs considerably 

from t h e  actual condi t ions .  Tne a s s m p t i o n  of a i i e Z l i Z l b l e  



- 17 - 

concent ra t ion  of the In . fected cas. at the movin,c wall entaZlc a2 

extrenely h i c h  v d a e  of‘ t h e  tra1isverr.e ve loc i ty  component a t  the 

m ~ v l n ~  ~ ~ 2 1 1  to sat9sfTj coatlnuity. :+lope - - - i m l - .  3 C L * - - .  , i r  the occilrreiice 

of -zn e f f e c t i v e  P r a i i d t l  nrmber t’ iat  iz yreater tharl c) . e ,  as u;tder 

a c t u a l  conditions the P r m d t l  number w l l l  a lwa:ys  be lets than one 

f o r  t h e  components coiir,idered. The excl?ision of t h e  ?lain streant 

gas from any p a r t i c z p a t i o x  w i t i t  re::aarc: t o  convec t i on  may be 

exyected t o  falsify the heat trmSfer and recover:; tmperature 

r e s u l t s  as compared wl t3  the boundar-7 la::er. Clearly 3ne of 

t h e  nafn p o i n t s  of depai7ture conce rns  the bou;ldary condi t ions  

a t  the movful,? wall, t!-io:rfn I~opefL!ll;,i, t h i z  :my not he t oo  

ser ious,  as t h e  c o n r ? l t l o n s  a t  the statio-ia-r:; wall are of 

paramount Lmportmce in predict i . t f  ‘?eat transfer and sk in  

fri c t ion. 
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4.0 CONCLUSIONS 

~ 

Calcula t ions  based on the Couette flow !node1 for ffydrogen 

I in , jec t ion  into a main stream Gas of Elti-oZer! nr Carbon Dioxide, 

I p r e d i c t  s u b s t a n t i a l  reduct ions  i n  heat t r a n s f e r  and s k i n  f r i c t i o n  
I as t h e  blowing parameter i s  increased. Wowever, t h e  heat tr&?sfer 

r a t i o  qds, 
i s  c l o s e  to the recovery temperature. 

e x h i b i t s  erratic behavior when the w a l l  temperature 
0 

~ 

~ 

I 
~ 

I observed, one of  t h e  most i n t e r e s t i n g ,  I n  judging t h e  v a l i d i t y  of 

Several  depar tures  from boundary layer behavior are 

the model, i s  t h e  occurrence of' an e f f e c t i v e  Prandt l  number creater 

than one, w i t h  t h e  correspondirq influence on the recover;; f a c t o r .  

A CICJ0611, EDG EMEPST 

Professor  J. L.  N o v o t ~ y  provided valuable guidance i n  

t h e  selection of' t h e  a p p r o p r h t e  thermodynamic and t r anspor t  
I , properties and t h e  authors acknowledge t h i s  a s s i s t a n c e .  I n  

addition, apprec ia t ion  i s  expressed t o  the staff  of the Computing 

Center ,  Univers i ty  of" Delaware for their cooperation i n  carryinG 

out t h e  numerical c a l c u l a t l o n s .  
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Appendix A . l  

Calcula t ion  of gas properties 

The thermodynamic and t r anspor t  p r o p e r t i e s  of hydrogen- 

carbon-dioxide and hydro&en-nitrogen gas mixtures were ca l cu la t ed  

by t h e  methods l i s ted  below. The g a s  mixtures  were considered t o  

be at atmospheric pressure  while the temperature ranged from 1 0 0 ° K  

t o  4050°K. 

a. Densi ty:  

Compressibil i ty f a c t o r s  f o r  hydrogen, carbon dioxide,  and 

n i t ro&en d i f f e r  from unity by less than  0 . 5  percent  a t  300°K and 

l e s s  than 0.008 percent  for. 51gher temperature.  ( R e f ' .  2 ) -  There- 

f o r e ,  t h e  pe r fec t  gas l a w  may be employed f o r  t h e  d e t e m i n a t f o n  

of t h e  d e n s i t y :  

p = m/RT ( A . 1 . 1 )  

where: 
P ,  d e n s i t y  i n  W/cm 3 

M, molecular weich t  

p, pressure (1 a t m )  

R ,  un iversa l  gas constant, 

82.0618 cm3 atm/"&p-mole 

T,  temperature i n  OK. 

For gas mixtures t h e  density i s  ca l cu la t ed  by 

( A . 1 . 2 )  

where Y i s  mass f r a c t i o n  of t h e  i n j ec t ed  component and t h e  

s u b s c r i p t s  1 and 2 represent  the in,jected and the free stream 

cornponents of t h e  mixture,  r e spec t ive ly .  
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b.  S p e c i f i c  Heat: 

Ideal-gas constant pressure s p e c i f i c  h e a t  data (CJR) 

were taken from re ference  2. Comparing these vcllues w i t h  those  

given f o r  t h e  non-ideal gas i n  t h e  sitme reference  i t  i s  found 

t h a t  t h e  dev ia t ion  is very small. 

The constant pressure  s p e c i f i c  heat of t h e  gas  mixtures 

was ca lcu la t ed  a s  follows: 

= YCPl + ( 1 - Y )  cp2 P I 2  
C 

where cp i s  t h e  s p e c i f i c  heat per gram and Cp is t h e  constant  

p re s su re  s p e c i f i c  heat per mole. 

The r e l a t i o n s h i p  between constant  pressure specific 

heat and the constant  voiume s p e c i f i c  hea t  can be expressed a s :  

Cp - Cv = R ( A .  1.4) 

where R i s  un ive r sa l  gas c o n s t a n t ,  1.98719 cal/"K/rnole. 

Equation (A.1.4) i s  v a l i d  when t h e  s p e c i f i c  heat is  

variable. 

The s p e c i f i c  heat r a t i o ,  Y = cp/cv, approaches u n i t y  

a t  h i g h  temperature.  

c .  TJiscosity: 

The v i s c o s i t y  for t h e  pure gases has been ca l cu la t ed  

by t h e  method of reference 3 ( P o  528) 

where: 

u, viscosity, gn/cm-sec ( p o i s e )  

T, reduced temperature, T/( s / k )  

0 ,  c o l l i s i o n  diameter i n  A 
0 
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e / k ,  p o t e n t i a l  parameter in OK. 

cs and ~ / k  are given i n  Table  A . 1 . 1 .  

TABLE A . l . l  

4 a 

86.1 2 729 
2 H 

91.46 3.681 
*2 

co2 195-2 3.941 

Reference 

4 

5 

6 

f i ( 2 p 2 ) c  (p) was taken from Table I-M i n  reference 

Pallowing Wilke (Ref'. 7) the v i s c o s i t y  fo r  gas mixtures 

is given by 

( ~ . 1 . 6 )  

Examining t h e  r e s u l t  from the  c a l c u l a t i o n  of equation (A.1.8) 

it is found t h a t  *- is relatively Independent of temperature. 

Values of aij used are given Table A . 1 . 2 0  
" i f  
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TABtE A . 1 . 2  

H* - co2 % - *2 Mixture 

2.2220 1.894 “12 
0.2019 0.2733 

In  o rde r  t o  check t h e  v a l i d i t y  of Table  A . 1 . 2 *  a 

cornparisLon between t h e  viscosity ca lcu la t ed  by using eq. ( A . 1 . 8 )  

f o r  Vr3 and t h e  vLscosfty ca lcu la ted  by using Table A . 1 . 2  f o r  ViJ .  

has been made and t h e  r e s u l t s  show a rnaximm deviation of 0.3 

percen t  f o r  temperatures below 300°K for t h e  % - C02 mixture. 
The agreement 3 s  better than 0.2 percent  foF temperatures h ighe r  

than  300°K for t h e  F2 - CO, mixture and for t h e  whole temperature 

range considered fo r  the Js - N2 a i x t u r e .  

d. Thermal Conductivity:  

L 

From re fe rence  3 (p. 301) t h e  therrnal conduct iv i ty  

for a pure gas is Given by 

k [(15 - COD/V) - (15 - 10pD/~)] cv3./4 ( A . 1 . 9 )  

where: 

constant vo lme  spec i f l c  heat 

r a t i o  of spec i f ic  heats = cp/cv. 
cV’ 

y ,  

Ehployfng the d e f i n i t i o n  of t h e  gas  cons tan t ,  

P - cv R/M = c 

k = [15/4 + (PD/~) (cpM/R - 5/2)] wR/H. 

c:,/pD 1s the Schnldt  number. A c a l c u l a t i o n  has been performed t o  

c a l c u l a t e  the Schmidt ntmber f o r  N,, C02, and iu, I- (?d?ere D i s  t h e  

ordinary self-diff‘aaion coefficient) . It is found that t h e  values 

l i e  between 0.75 and 0.76. 

r- 
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